Abstract Platonia insignis Mart. (Clusiaceae) is widespread throughout the Amazon and adjacent areas. The fruits (known locally as ''bacuri'') have significant commercial potential, but the species is under threat from agro-industrial expansion. The genetic variability within 72 genotypes of P. insignis belonging to ten populations collected in the Brazilian states of Maranhão and Piauí, and maintained in the germplasm collection of Embrapa MeioNorte, has been determined, and the organization of genetic diversity within populations, between populations and among geographic groups verified. Eighteen selected inter simple sequence repeat primers allowed amplification of 236 loci of which 221 (93.64 %) were polymorphic, indicating a high level of genetic diversity. At the population level, the Shannon and Nei diversity indices ranged from 0.082 to 0.323 and from 0.120 to 0.480, respectively. The global coefficient of genetic differentiation (G ST ) was 0.4730 indicating that differentiation between populations was significant, a finding that was confirmed by analysis of molecular variance (U ST = 0.28). UPGMA cluster analysis revealed that the genotypes could be stratified into groups that were well defined and consistent with those identified in the dendrogram constructed using pair wise U ST values. The high genetic diversity established in this study may facilitate the management and conservation of the germplasm of P. insignis.
Introduction
The recent growth in consumer preference for tropical fruits with interesting aromas, unusual flavours and/or enhanced nutritional properties, has provided new opportunities for the agro-industrial sector and has stimulated interest in the diversification of cultures and the transformation of traditional fruits into added-value products. In this respect, Brazil is privileged with a diversity of soil types and climatic conditions that favour the culture and economic exploration of exotic tropical fruits [1] , particularly in the northern and northeastern regions of the country. One species with significant economic potential is Platonia insignis Mart. (Clusiaceae), a deciduous tree (known locally as ''bacurizeiro'') that is widespread throughout the Amazon and in the adjacent cerrado regions of the states of Maranhão (MA) and Piauí (PI) [2, 3] . The fruit of P. insignis (''bacuri'') ( Fig. 1) can be consumed in natura as well as in various processed forms [4] and constitutes a viable option for exploitation in the internal and external markets.
Since the early 1990 s, the valuable genetic resources of P. insignis have been threatened by exploitation of the wood by the timber industry, while the expansion of cattle farming has significantly reduced natural plant regeneration V. A. B. Souza-Deceased.
Electronic supplementary material The online version of this article (doi:10.1007/s11033-012-2462-6) contains supplementary material, which is available to authorized users. through damage caused by trampling and grazing of shoots that arise from the roots. Urban growth, especially of cities located along the coastlines of the states of Pará (PA) and MA, has also contributed to the destruction of genetic diversity within P. insignis [5] . In order to protect genetic heritage and, at the same time, to encourage the sustainable exploitation of resources, Embrapa Meio-Norte (Teresina, PI, Brazil) has conducted conservation programmes involving the collection, characterization and evaluation of germplasm of P. insignis, and has instituted research into the development of methods of propagation and cultivation [2] .
Characterization of the genetic resources of crop plants has typically been based on long-term observations of agronomical and morphological attributes [6] [7] [8] , but rapid and powerful molecular techniques are now widely available. The use of DNA markers in germplasm screening, for example, has become universal since it allows the discrimination of plants that are morphologically indistinguishable [9] [10] [11] . Inter simple sequence repeat (ISSR) markers represent an example of a genotyping technique that has been employed successfully in the evaluation of the diversity and structuration of intraspecific populations [12] [13] [14] . ISSRs are regions of the genome located between adjacent SSR (or microsatellite) loci, and the corresponding markers may be generated by a polymerase chain reaction (PCR) using a simple primer based on a two nucleotide multi-repeat sequence, such as (AC) n , with a 3 0 anchor. On this basis, the technique is particularly appropriate for application to the study of plant species that have not been fully sequenced [15] , as is the case for P. insignis. Furthermore, ISSR markers comprise long nucleotide sequences that have high annealing temperatures, and this improves the precision of amplification and reproducibility [16, 17] .
The application of DNA marker techniques should allow the rapid identification of genetic variability in the germplasm of P. insignis, knowledge of which is essential in the characterization of traits, the development of conservation strategies and the selection of appropriate genitors. A previous study involving random amplified polymorphic DNA (RAPD) analysis of P. insignis revealed a high diversity among the genotypes originating from the states of MA, PI and Ceará (CE), which showed 93.5, 87.2 and 80.4 % polymorphism, respectively [18] . The objectives of the present study were: (i) to determine the genetic variability among 72 genotypes originating from ten populations of P. insignis maintained in the germplasm collection of Embrapa Meio-Norte, and (ii) to verify the organization of genetic diversity within the different hierarchical levels, namely, within populations, between populations of the same group and among different groups.
Materials and methods

Genetic material
Seventy-two genotypes of P. insignis were available in the germplasm collection of Embrapa Meio-Norte established at Teresina, PI, Brazil (latitude 5°05 0 S, longitude 42°49 0 W, altitude 72 m above sea level). These genotypes had been collected in eight different areas of MA and two areas of PI (Fig. 2) , thus providing ten diverse populations. The climate of the collection region is hot and humid with annual precipitation ranging from 700 to over 2,000 mm. The flora of the region is typical of a transition zone between semiarid, equatorial and tropical climates, and the soil presents features that favour cultivation but with some limitations such as elevated acidity. Details of the genotypes analysed and their areas of collection are presented in Table S1 : genotypes bearing similar codes constitute half-sibling progenies.
Extraction of genomic DNA Young leaves were collected from actively growing plants of each genotype and stored in ice until required for extraction. DNA was extracted from plant material with the aid of DNeasy Plant Mini Kits (Qiagen Biotecnologia Brazil, São Paulo, SP, Brazil) using the protocol suggested by the manufacturer. In order to verify the quality of the extracted DNA, aliquots were submitted to electrophoresis on 0.8 % agarose gels in 0.59 Tris-borate-EDTA (TBE) buffer and subsequently stained with 19 SYBR Ò Safe DNA gel stain (Invitrogen Brazil, São Paulo, SP, Brazil). The separated bands were compared with those produced by 150 ng of k DNA. The amount of DNA in each extract was quantified using a NanoDrop 2000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA), following which samples were diluted with water to a final concentration of 5 ng/ll and stored at -20°C.
Amplification of DNA by PCR
In order to select the most appropriate primers for the molecular characterization of the genotypes, 100 semiarbitrary primers of 15-18 nucleotides each (University of British Columbia, Vancouver, Canada) were tested by PCR and the optimal annealing temperatures determined. Primers that generated the largest numbers of polymorphic bands were employed in the subsequent PCR analysis (Table S2) . PCR experiments were carried out in a Veriti TM 96-Well Fast Thermal Cycler (Applied Biosystems, Life Technologies, Carlsbad, CA, USA). Reaction mixtures were prepared in 0.2 ml microtubes and contained buffer solution [13.5 mM Tris-HCl (pH 8.3) with 67.5 mM KCl and 2.0 mM MgCl 2 ], 200 lM of each dNTP, 0.7 lM primer, 1 U Taq DNA polymerase (New England BioLabs, Ipswich, MA, USA), 5 ng DNA template and distilled water to a final volume of 20 ll. The reaction programme involved an initial denaturation step of 10 min at 95°C, followed by 35 cycles comprising denaturation for 1 min at 95°C, annealing for 45 s at 50-62°C (depending on the primer) and extension for 2 min at 72°C, with a final extension step of 5 min at 72°C. Amplicons were separated by horizontal electrophoresis on 1.5 % agarose gel in 0.59 TBE buffer at 80 V for 3.5 h, together with 100 bp and 1 kb DNA ladders (Invitrogen) as molecular weight markers. Gels were treated with 12.59 Gel Red (Biotium, Hayward, CA, USA) and bands were visualised and photographed under a MiniBIS Pro Ò transilluminator (BioAmerica Inc., Miami, FL, USA).
Statistical analysis
The amplification products were designated as a single character, the presence of which was represented by a ''1'' and the absence by a ''0'', and the ISSR markers were thus transformed into a binomial matrix. Since the ISSR marker is dominant, each band was assumed to represent the phenotype in a biallelic locus [19] . Genetic similarities (sg ij ) between P. insignis genotypes were estimated as Jaccard coefficients obtained from the expression
and a similarity matrix was generated. A dendrogram was constructed by applying unweighted pair group method with arithmetic average (UPGMA) cluster analysis using a cutoff point based on the mean genetic similarity of all studied pairs. The fit between the similarity matrix and the dendrogram was estimated from the cophenetic correlation coefficient (r) [20] , while the stability of groups was computed by bootstrapping with 1,000 replicates. The aforementioned analyses were performed with the aid of PAST software version 1.34 [21] .
A Bayesian analysis of the ISSR population was performed on the entire data set using the program STRUC-TURE (version 2.3) [22] to detect population structure, to estimate the number of populations in a sample and to assign individuals to one or more of these populations. The number of genetically distinct clusters (K) was set to vary from 1 to 10 (the total number of populations), and the model was run for 100,000 independent simulations for each K, with a burn-in length of 5,000 and a run length of 50,000 iterations. Following the dominant marker settings available in the program, the ''no admixture'' model was used, and ''uncorrelated allele frequencies among populations'' were assumed. The most likely number of clusters was estimated according to the procedure described by Evanno et al. [23] using the DK statistic based on the rate of change with respect to K in the log probability of data.
Genetic diversity within P. insignis populations was estimated using the following parameters: (i) the percentage of polymorphic loci [P % = (polymorphic loci/total loci) 9 100], (ii) the observed (N a ) and the effective (N e ) numbers of alleles [24] , where N e in the number of equally frequent alleles that would be necessary to achieve the same the degree of genetic diversity produced by N a , (iii) the Shannon diversity index H 0 calculated from
where p i is the frequency of ISSR fragments amplified in the population and L is the total number of fragments [25] , and (iv) the Nei [26] genetic diversity index H e . For each locus, the Nei index produces values between 0 and 0.5, while the Shannon index varies from 0 to 0.73 according to a natural log scale [27] . The mean diversity in all ten P. insignis populations, derived from
where n is the number of populations, and the mean diversity at the species level, given by
where p s is the frequency of the presence or absence of ISSR loci in all populations, were calculated with the aid of the POPGENE program version 1.31 [28] , assuming that the populations were in Hardy-Weinberg equilibrium. The global coefficient of genetic differentiation (G ST ) of the ten populations was calculated from the expression
[29] using the POPGENE program [28] . The G ST coefficient indicates the level of differentiation according to the scale low (0.00-0.05), moderate (0.06-0.15), high (0.16-0.25) or very high ([0.25) [30] .
Genetic variation within and between P. insignis populations, as well as within and between groups, was estimated using analysis of molecular variance (AMOVA), the results of which were applied to the determination of a fixation index U ST (analogous to the F ST index of Wright [31] ) with the aid of Arlequin software version 3.1 [32] . In order to verify the occurrence of genetic structuration, AMOVA was performed for all loci considering two different hierarchical levels: (i) all locations were included in a single group and the differences between the populations (U ST ) estimated; and (ii) the locations were grouped according to their geographical origin, namely, MA or PI, and compared in terms of the occurrence of genetic structuration between the population groups (U CT ), and between the populations present within each group (U SC ).
The pair wise U ST values (distances between each pair of populations) were examined in a matrix and, based on these values, an UPGMA dendrogram was constructed to illustrate the relationships between the ten populations. The significances of the components of variation and the U statistics were evaluated using 1,000 permutations in each analysis.
Results
Genetic diversity and cluster analysis PCR assays using the 18 primers selected in the initial tests allowed 236 ISSR loci to be amplified from the DNA extracts derived from 72 genotypes of P. insignis. The average number of loci per primer was 13, with the largest number of loci (n = 21) being detected with primer UBC810 and the smallest number (n = 9) with primers UBC842 and UBC890. Of the 236 amplified loci, 221 (93.64 %) showed polymorphism at the species level (all of the 72 genotypes) (Table S3) , while the size of these loci ranged between 100 and 2,072 bp. The ISSR amplification profile produced by primer UBC 888 is shown in Fig. 3 .
The highest percentage of polymorphic loci (P %) was established in the Barras-PI population (89.41 %), while the lowest was observed in the population from Matões-MA (19.92 %). Assuming that the populations were in HardyWeinberg equilibrium, the observed numbers of alleles (N a ) varied between 0.894 (Barras-PI) and 1.593 (Carolina-MA) with a mean value of 1.38, while the effective number of alleles (N e ) ranged from 1.140 (Matões-MA) to 1.558 (Barras-PI) with a mean value of 1.30. At the species level, the values of N a and N e were 1.93 and 1.57, respectively. The Shannon (H 0 ) and Nei (H e ) diversity indices revealed significant differences between the populations. H' values of the populations varied between 0.120 and 0.480 with a value of 0.499 at the species level, while H e values of the populations varied between 0.082 and 0.323 with a value of 0.335 at the species level (Table S4) . The values of H POP and H SP , which express the mean genetic diversities within the populations and the species, respectively, were 0.324 and 0.171.
The coefficients of genetic similarity among the 72 genotypes of P. insignis were in the range 0.35 to 0.93 with an average value of 0.52 (data not shown). The dendrogram constructed using the UPGMA method (based on a 52 % similarity cut-off point) revealed the genetic interrelationships amongst the genotypes and allowed nine genotypic groups to be identified (Fig. 4) . These results demonstrated the existence of considerable genetic variability in the populations of P. insignis studied. Furthermore, the dendrogram showed that the genotypes originating from MA (n = 41) were well separated from those from PI (n = 31), indicating that such genotypes can be grouped according to geographical area even though some populations, such as BGB5 and BGB78 from Matões-MA, were distant from others collected in the same state. The cophenetic correlation coefficient (r = 0.79; P = 0.001) indicated a good fit between the original similarity matrix and the results from cluster analysis. Analysis of the ISSR population using the program STRUCTURE program revealed that the highest probability of the data was attained when samples were clustered into four groups (K = 4; Fig. 5 ; Table S5 ). These groupings were consistent with those derived from the UPGMA clustering results.
Genetic structure
The global coefficient of genetic differentiation (G ST ) was 0.4730 indicating a high level of differentiation among the populations of P. Insignis, while AMOVA revealed significant genetic differentiation (U ST = 0.28; P \ 0.001) between the ten populations studied. The distribution of the total genetic diversity was represented by 28.18 % between the populations and 71.82 % within the populations (Table  S6) . Although differentiation between the two geographical groups (MA and PI) was not significant (U CT = -0.02), that between the populations within each of the groups was significant (U SC = 0.29). After grouping the populations according to the state of collection, the results showed that most of the genetic variability observed in P. insignis was due to differences within the populations (72.36 %; Table  S6 ).
Pair wise U ST values indicated significant levels of differentiation between the populations of P. insignis. The distance between the populations from Barras-PI and Palmeirais-PI was small (0.14046), while the distance between the populations from Aldeias Altas-MA and Palmeirais-PI was large (0.51133) ( Table S7 ). The dendrogram based on pair wise U ST values (Fig. 6) clearly showed the phylogenetic relationships between the 10 populations studied.
Discussion
The principal value of plant genetic resources resides in their utilization in the production of new cultivars, the domestication of new species and the development of novel agro-industrial products. In this context, a germplasm bank should comprise sufficient genetic variants to supply breeders with the materials required for the efficient and economical production of high-quality products demanded by the consumer market [14] . The present paper describes the characterization by ISSR markers of 72 genotypes of P. insignis, a species with significant commercial potential, maintained in the germplasm collection of Embrapa MeioNorte.
The quantification of polymorphic loci is a parameter frequently used in the evaluation of the genetic diversity of a population. Genetic polymorphism has been defined as the occurrence in the same population of two or more alleles at a given locus with a frequency of up to 95 % [33] . Molecular markers can provide important information regarding genetic polymorphism, knowledge of which is essential for the development and improvement of plant populations [34] . In the case of the ten populations of P. insignis studied, 221 (93.64 %) out of the 236 ISSR loci were polymorphic, a value considered to be very high and one that reveals the large genetic variability of this species. A similar high level of diversity (87.15 %) has been reported previously by Almeida et al. [18] following studies involving the characterization of P. insignis populations collected from CE, PI and MA using RAPD markers.
In the ISSR analysis reported herein, the number of observed alleles (N a ) was 1.93, while the number of alleles (N e ) that effectively contributed to the genetic diversity at the species-level was 1.57 (Table S4) . These values were close to those obtained for the perennial species Pogostemon cablin using ISSR markers, namely, N a = 1.92 and N e = 1.46 [35] .
The Shannon (H 0 ) and Nei (H e ) diversity indices are often employed in evaluating the abundance and uniformity of alleles present at one locus [26, 36] . In the present study, these indices were found to be very high at the species level (H 0 = 0.499 and H e = 0.335), while the level of variation also differed according to the population. The greatest diversity was detected in the Barras-PI population (H 0 = 0.480 and H e = 0.323), indicating that this population may contain parental genotypes that could be used in hybridization programmes aimed at greater heterosis. In contrast, the least diversity was found in the Matões-MA population, which also presented a much lower level of polymorphism (19.92 %). However, this population comprised only two genotypes and its true variability may not have been fully expressed. There is clearly a need to collect more samples of P. insignis from this location in order to improve its representation in the germplasm collection of Embrapa Meio-Norte.
The appropriate selection of parental combinations depends on the understanding of relationships between genotypes [37, 38] . Within the germplasm collection under study, genotypes BGB61 (Carolina-MA) and BGB1 (Palmeirais-PI) were the most divergent and might, therefore, present a greater probability of heterosis in a breeding programme aimed at improving desirable agronomical traits in P. insignis. UPGMA cluster analysis (Fig. 4) proved to be an efficient method of grouping genotypes of P. insignis since it revealed similarities and/or differences between half-sibling progenies as well as between genotypes from unrelated sources. Most of the nine genotypic groups comprised subgroups, and the half siblings were generally grouped into one (or a small number) of these subgroups. The genotypes collected from different states (MA and PI) could be clearly separated, indicating that the genetic material may be classified according to geographical origin.
Bayesian analysis revealed that the germplasm collection of Embrapa Meio-Norte could be represented by two (K = 2) or four (K = 4) large genotypic groups (Fig. 5) . According to the separation obtained through simulation models, for K = 2, the two groups comprised the gene pools from Maranhão and Piauí. However, subdivision into a larger number of groups (K = 4), where one group encompassed the genotypes from Piauí (shaded green) and the other three groups encompassed the genotypes from Maranhão (shaded pink, yellow and red) was well supported by the results. The analysis of the standard deviations of probabilities obtained in different simulations also helps to define the number of groups and their genotypic structure [23] . As can be seen in Table S5 , the separation of genotypes into four groups (K = 4) coincided with one of the lowest values of standard deviation (97.840794) of Fig. 5 Analysis of the intersimple sequence repeat marker profiles of ten populations of Platonia insignis. a The highest probability of the data was attained when samples were clustered into four groups (K = 4) as shown by the peak value of DK [23] . b Results based on K = 2, K = 3 and K = 4 using a Bayesian framework implemented in the program STRUCTURE [22] across individuals from the studied populations probability. Hence, the genetic structure of the studied genotypes is better represented by four groups.
The results of the present study demonstrate that there is a very high degree of genetic differentiation between P. insignis populations as indicated by the global index (G ST = 0.4730) calculated over all polymorphic loci. This result was confirmed by AMOVA, which indicated that 71.82 % of the variability occurred within the populations while only 28.18 % (U ST = 0.28) occurred between the populations.
The levels of genetic diversity and the distribution of variability within and between plant populations have generally been interpreted as the result of the balanced combination of the reproductive system and the history of the species [40] . Perennial and allogamous species typically exhibit higher levels of genetic diversity within, rather than between, populations indicating the influence of biological characteristics on these parameters [41] . Other studies have also shown that perennial plants generally maintain the largest genetic variability within populations [39, 42] .
In earlier studies, Oliveira and Silva [43] employed both RAPD and SSR markers to study the distribution of genetic variability in Euterpe oleracea Mart., a native Amazon fruit tree known locally as the açai palm. These authors reported genetic variability of 75.85 % determined by RAPD and 68.88 % using SSR, indicating that both markers were equally efficient in discriminating genetic variability. Since codominant markers are unavailable for P. insignis, the dominant ISSR marker was selected for the present study and was able to reveal the distribution of variability both within and between the populations. Such findings confirm that this approach is reliable and efficient for the characterization of germplasm collections.
It is noteworthy that the values of U CT recorded in the present study did not alter significantly when the genotypes were distributed according to location of collection (i.e. MA or PI). Indeed, ISSR markers are neutral and mainly amplify non-coding DNA sequences that are subject to weak selection pressures. Thus, the variations observed when using ISSR markers do not necessarily reflect alterations in the profile of adaptive genes [39] . This could explain the results reported herein, since the ISSR markers may not have amplified DNA regions containing adaptive genes that might have evolved separately at the different locations.
Statistical analysis of pair wise U ST values revealed that all were significant, thereby indicating that the populations of P. insignis were genetically different, a finding that is in accord with results obtained for populations of fruit trees using other markers including SSR [42] . The dendrogram based on pair wise U ST values (Fig. 6) showed clearly the relationships between the ten populations of P. insignis, and the grouping of the two populations from PI, namely, those from Barras and Palmeirais. The groupings revealed by this dendrogram are consistent with the results obtained from cluster analysis of the 72 genotypes (Fig. 4) .
In conclusion, the present study has shown that ISSR markers represent a rapid, reliable and cost effective tool for the identification of genotypes and the genetic structuration of populations of P. insignis. In the case of the germplasm collection of Embrapa Meio-Norte, it is recommended that the variability of the genotype pool be augmented by increasing the number of accessions in general, and especially from Barras-PI and Matões-MA since these presented the largest and the smallest variabilities, respectively. The use of ISSR markers will contribute to the conservation and breeding programmes of a potentially valuable resource that has yet to be harnessed effectively.
